A 1.1-kb cDNA was isolated by using degenerate oligonucleotide primers for PCR based on these sequences. The cDNA encoded a 262-amino acid protein that showed no similarity with other known proteins, except for short stretches of the interphotoreceptor retinoid-binding protein, rhodopsin, and human nuclear protein p68. Recombinant baculovirus containing this cDNA made a 29-kDa protein that was covalently modified by [3Hkepoxyhomofarnesyldiazoacetate and specifically bound the natural enantiomer of JH I (Kd = 10.7 nM). This binding was inhibited by the natural JHs but not by methoprene. Immunocytochemical analysis showed localization of this 29-kDa protein to epidermal nuclei. Both mRNA and protein are present during the intermolt periods; during the larval molt, the mRNA disappears but the protein persists. Later when cells become pupally committed, both the mRNA and protein disappear with a transient reappearance near pupal ecdysis. The properties of this protein are consistent with Its being the receptor necessary for the antimetamorphic effects of JH.
Juvenile hormone (JH), a sesquiterpenoid, regulates both metamorphosis and reproduction in insects (1) . In the larva, JH is present throughout the growth phase, and its presence at the time of the ecdysteroid-induced molt is critical to prevent metamorphosis. The primary morphogenetic effect of JH is to guide ecdysteroid action so as to prevent its activation of new programs resulting in a change of form. In the adult, by contrast, JH apparently acts alone to stimulate vitellogenin synthesis in the fat body or vitellogenin uptake into the oocyte. The fat body has high-affinity cytosolic and nuclear-binding proteins for JH, whereas in facilitating yolk uptake, JH apparently acts via a membrane receptor on the follicle cells (for review, see refs. 1 and 2).
In the epidermis of tobacco hornworm (Manduca sexta) larvae, one-third of the JH that enters the cell is retained in the nucleus by two proteins (Kd = 7 and 88 nM) (3). Palli et al. (4) , using tritiated photoaffinity analogs of JH, identified a 29-kDa nuclear protein and a 38-kDa cytosolic protein that specifically bound JH. The 29-kDa protein was present in the epidermis during the fourth-and fifth-instar growth phases but declined during the molt and disappeared at the time of pupal commitment of the epidermis (5 All glassware used for the JH solutions was coated with 1-2% polyethylene glycol 20,000. For photoaffinity labeling, hormone was dissolved in buffer C (20 mM Tris HCl, pH 7.9/5 mM magnesium acetate/i mM EDTA/1 mM dithiothreitol/1 mM phenylmethylsulfonyl fluoride). Photoaffinity labeling and subsequent SDS/PAGE followed by fluorography were as described (4 #tThe sequence reported in this paper has been deposited in the GenBank data base (accession number U05270).
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Purification and Analysis of the 29-kDa JH-Binding Nuclear Protein. Nuclei were isolated from the dorsal epidermis of -200 day 0 and day 1 fifth-instar larvae, according to Palli et al. (4) , and then extracted for 4-12 hr in 0.5 M KCl. The supernatant (13,000 x g, 10 min) was dialyzed to 10 mM Tris-HCl, pH 8.6/10 mM NaCl/1 mM EDTA. Both this extract and buffer C washes of the nuclei (4) contained a 29-kDa protein that bound EHDA.
The protein thus prepared was photolabeled with 75 nM [3H]EHDA. Excess unbound ligand was removed with dextran-coated charcoal, 3% ampholytes (pH 3-10) (Bio-Rad) were added, and then the protein was focused in a Bio-Rad Rotofor cell (13) . The radioactive fractions were combined, refocused, and then pooled; 1 M NaCl was added, and the mixture was dialyzed against 20 mM Tris HCl, pH 8.0/1 mM EDTA for 6 hr followed by concentration on an Amicon YM-5 membrane.
After preparative gel electrophoresis on 1.5-mm SDS/ 12.5% PAGE, the 29-kDa band was visualized by Coomassie blue R-250, excised, electroeluted [Centrilutor (Amicon), 100 V, 14 mA, 2.5 hr], and concentrated (14) . Digestion with the endoprotease Lys-C (Wako) (0.1 molar equivalent) in 20 mM Tris-HCl, pH 9.0/1 mM EDTA for 30 min at 30°C (15) produced several peptides that were separated by Tricine SDS/PAGE (16% acrylamide) (16), transferred to a poly(vinylidene difluoride) membrane, and then individually excised, and sequenced by Edman degradation (Applied Biosystems model 475A).
Isolation and Analysis of the cDNA Encoding the 29-kDa Protein. Degenerate oligonucleotides based on the peptide sequences (see Results) were used in 37-cycle PCR (17) using Ampli-Taq (Perkin-Elmer/Cetus) with cDNA made from day 1 fifth-instar epidermal poly(A)+ RNA using Superscript and random primers (GIBCO/BRL). The PCR product was cloned into Bluescript pBSK-(Stratagene) and sequenced.
Methods for RNA extraction, poly(A)+ selection, RNA hybridization, DNA labeling, cDNA library screening, and sequencing were as described (6) .
Fusion Protein, Antibody Production, and Immunoanalysis. A fusion protein was made by ligating the 786-nt coding region of the 29-kDa JH-binding protein cDNA into the pGEX-3X expression vector (Pharmacia) (18) . The resultant 55-kDa protein was isolated from the cell pellet by SDS/ PAGE. The excised, minced band was used for the initial antibody production (Pocono Rabbit Farm, Canadensis, PA) with subsequent injections of 50 ug of electroeluted protein.
The rabbit polyclonal antiserum was purified by 40% ammonium sulfate precipitation. For Immunocytochemistry was done on whole mounts of dorsal abdominal epidermis fixed in 4% paraformaldehyde/PBS overnight at 4°C, incubated in 1:1000 affinity-purified antiserum overnight, and immunostained as described (21) .
Production of the 29-kDa Protein by Recombinant Baculovirus. A 870-nt cDNA fragment encoding the 29-kDa protein cDNA was inserted into the transfer vector for Autographa californica nuclear polyhedrosis virus (pAcUW21) (12) . Cotransfection with linearized polyhedrin-negative Autographa californica nuclear polyhedrosis virus DNA (AcRP6-SC) (22) and screening for recombinant viruses were as described (12 (Fig. 1A) . (Fig. 1B, gel) . Moreover, this fragment hybridized to primer 5 (Fig. 1B, blot) , indicating that it included all three peptide fragments.
The deduced amino acid sequence of the PCR fragment (arrows in Fig. 2 sequence of all three peptide fragments (underlined in Fig. 2) , except for two of the three C-terminal amino acids of peptide 3 in Fig. 1C .
Using the PCR fragment as a probe, we isolated 20 clones from a A Zap II (Stratagene) cDNA library made to day 1 fifth-instar epidermal RNA. Two ofthe longest clones had the same 982-bp sequence (Fig. 2) . The longest open reading frame was 262 amino acids translating into an ==29-kDa protein. The sequence flanking the translational start site (TGGQACATGG) is similar to the vertebrate consensus sequence with apurine at the highly conserved -3 position (23) .
Comparison of the encoded protein sequences in the GenBank data base by FASTA (24) and by the BLOCKS search motif (25) showed no proteins with significant similarity. A stretch of 21 amino acids (box 1, Fig. 2 ) was 43% identical with the human nuclear protein p68, an RNA helicase (26) . Four small domains of 8-12 amino acids in the C-terminal third of the protein have 60-75% identity with the bovine interphotoreceptor retinoid-binding protein (27) (boxes 2 and 4) and human rhodopsin (28) (boxes 3 and 5) (Fig. 2) . The similarities to interphotoreceptor retinoid-binding protein are in its conserved repeat sequences that may be involved in binding fatty acids (27) , suggesting that this region could be involved in JH binding.
Binding of JH and JH Analogs by Baculovirus-Produced 29-kDa Protein. When Sf21 cells were infected with baculovirus containing the 29-kDa protein cDNA, the cell extracts contained a 29-kDa protein as detected both by immunoblotting and by [3H]EHDA labeling (Fig. 3A) (Fig. 3A) .
DEAE purification resolved the expressed protein from Tn5 cells into two immunoreactive forms, the ratio of which varied. Neither form was glycosylated as detected by the Dig glycan detection kit (Boehringer Mannheim). The smaller form bound significantly more JH I than the larger form. This binding was specific and saturable (Fig. 3B) . Scatchard analysis showed a Kd of 10.7 nM for JH I (Inset, Fig. 3B ) and of 6.9 nM for JH II (data not shown). Developmental Expression of the RNA for the 29-kDa Protein. Northern hybridization analysis of larval epidermal RNA using the 191-bp PCR fragment showed that a 1.1-kb RNA was present during the intermolt periods of both the fourth and the fifth instars (Fig. 4A ). This mRNA disappeared during the larval molt and at the time of pupal commitment of the epidermis on day 3 of the fifth instar. Trace amounts reappeared transiently just before pupal ecdysis.
The polyclonal antiserum recognized only a 29-kDa protein present in larval epidermal cell extracts (Fig. 4B) . This protein was present in the epidermis throughout the intermolt and through most of the larval molting phase until about 6 hr before ecdysis. In the final instar the protein again was present until the wandering stage. No 29-kDa protein was detectable at the time of pupal ecdysis or up to 48 hr thereafter.
Immunocytochemical Lzation of the 29-kDa Protein.
Immunocytochemical analysis shows that the 29-kDa protein is confined to the nucleus of the epidermal cells of day 1 fifth-instar larvae (Fig. 5A) . Moreover, an uneven distribution within the nucleus is found throughout both the fourth and the fifth instars. In wandering-stage epidermis, many nuclei had lost their immunoreactivity, although some showed small punctate staining (arrow, oprene (methoprene diazomethyl ketone) (4) . In the present study, the EHDA-binding protein was purified to homogeneity, and its cDNA was isolated. Protein produced by this cDNA in a baculovirus expression system was covalently modified by both EHDA and EBDA and specifically bound (29, 10 , and 6 hr before ecdysis, respectively); FE, freshly ecdysed; WO-W2, 0-2 days after onset of wandering; TMB, tanned metathoracic bars, 19 hr before pupal ecdysis; P1, 1-day-old pupa.
JH I. The nature of the two forms produced by the baculovirus in TnS cells is still unknown because there is no apparent glycosylation, and preliminary sequence analysis indicates identical N-termini for both forms.
Under reversible binding conditions, DEAE-purified recombinant protein specifically bound both JH I and II with Kd values (10.7, 6.9 nM) of the same order of magnitude as the high-affinity binder found in whole nuclei (6.6 nM) (3). This binding was saturable and inhibited by the natural JHs but not by the JH analog methoprene, as was also reported (3) with isolated epidermal nuclei. The biological activities of JH III and methyl farnesoate are 300-to 1000-and 30,000-fold less, MwAsolk respectively, than JH I and II in the Manduca black larval assay (refs. 29 and 30; J.-P.C., unpublished work). Yet JH III is nearly as good a competitor as JH II, whereas the structurally similar methyl farnesoate is much less effective. Apparently other factors such as metabolism and rate of uptake are critical in the determination of biological activity.
Our immunocytochemical studies on the epidermis showed that the encoded 29-kDa protein is localized to the nucleus. Moreover, the developmental patterns of both mRNA abundance and immunoreactive protein were similar to those of the nuclear 29-kDa JH-binding protein (4, 5) and of nuclear JH binding (30) . Interestingly, during the larval molt, the mRNA declines early during the ecdysteroid rise, whereas the protein remains for at least 20 more hr. The mRNA reappears just before ecdysis (data not shown) and is present until day 3 of the last larval instar. The mRNA then disappears followed by the protein in response to the ecdysteroid rise in the absence ofJH (5), which causes pupal commitment of the epidermis (31) . The low levels of RNA seen just before pupal ecdysis apparently result in little protein because the latter was undetectable by immunoblotting.
These studies thus show that the 29-kDa protein is nuclear and specifically binds JH I with an affinity (Kd 2-10 nM) that corresponds closely to the JH concentration in the hemolymph at the time ofthe larval molt (20 nM) (29) or in the early fifth instar (29, 32) . Moreover, this protein is present in the epidermis during the larval intermolt periods and the larval molts when JH is high and exerting its morphogenetic effects. Its disappearance from the abdominal epidermis at the time of pupal commitment occurs after the loss ofJH (32) and correlates with the loss of JH sensitivity of this tissue (31) . Thus, the nuclear 29-kDa JH-binding protein has the characteristics expected for a hormone receptor-high affinity, specific binding, and developmental expression that correlates with hormone presence and action. These data are consistent with its being responsible for the "status quo" action of JH.
Although this putative receptor for the lipophilic JH molecule is nuclear, the predicted protein contains no known DNA-binding motifs. It may represent another class of hormone receptors whose action within the nucleus somehow modulates the outcome of hormone-induced cascade of transcription factors, as in the ecdysteroid model (33) .
